By analyzing the evolutionary spectrum method for multivariate nonstationary stochastic processes, a simulation method for fully nonstationary spatially variable ground motion is proposed based on the Kameda time-varying power spectrum model. This method can properly simulate nonstationary spatially variable ground motion based on a target response spectrum. Two numerical examples, in which the Kameda time-varying power spectra are calculated for different conditions, are presented to demonstrate the capabilities of the proposed method. In the first example, the nonstationary spatially variable ground motion that satisfies the timefrequency characteristics and response characteristics of the original ground motion is simulated by identifying the parameters of the given time-varying power spectrum. In the second example, the ground motion that satisfies the design response spectra is simulated by defining the parameters of the time-varying power spectrum directly. The results demonstrate that the method can effectively simulate nonstationary spatially variable ground motion, which implies that the proposed method can be used in engineering applications.
Introduction
The spatial variability of earthquake ground motion can have significant effects on the response of extended structures, such as long bridges, tunnels, and life-line systems. It is unrealistic to analyze the dynamic seismic response based solely on the actual ground motion records because the seismic array record is unrepeatable in practice and extended structures typically have variable spatial characteristics. In this case, the simulation of artificial spatially variable ground motion is required; such simulation results can be used as inputs to the deterministic seismic response analysis of structural supports.
The Monte Carlo simulation technique is the most common method of ground motion simulation; however, it is difficult to accurately simulate ground motions that are nonstationary in both the time and the frequency domains because it is difficult to describe the nonstationary characteristics and define the sampling functions and filtering parameters. Evolutionary stochastic process theory [1] (Priestley. 1967 ) transforms a nonstationary process into an integration of a stationary process and a deterministic modulation function, which allows the time-varying spectrum density of the nonstationary process to be derived from the spectrum density of the stationary process. Compared with the traditional Monte Carlo method, this theory is more efficient in describing the frequency variation of nonstationary processes. Researchers have used this theory to establish a variety of spectrum representation methods and nonstationary ground motion models for different nonstationary processes [1] [2] [3] . Shinozuka [4] first applied evolutionary stochastic process theory to simulate multidimensional and spatially variable nonstationary ground motions. Many researchers, including Deodatis [5] , Conte and Peng [6] , Yang [7] , Grigoriu [8] , and Ancheta [9] , have further developed this method. This method is widely accepted by engineers because it considers spatial changes in ground motion correlation at every point and is able to match the target power spectra as well as possible. However, a limitation of the spectrum representation method is that its time-varying power spectrum is difficult to model in practice. Thus, a simplified non-time-varying power spectrum model is typically employed. This deficiency can degenerate 2 Mathematical Problems in Engineering the ground motion simulation to a nonstationary time pattern instead of a nonstationary time-frequency pattern.
To solve the nonstationary frequency problem in ground motion simulations, Deodatis [2] proposed a variation of the time-varying power spectrum model based on the analysis of site liquefaction properties of the 1964 Niigata ground motion. However, the model only uses the time-frequency characteristics of the Niigata ground motion and is unable to simulate ground motions with different nonstationary timefrequency characteristics; therefore, it is difficult to apply it to other situations. Using the multifiltering technique, Kameda [10] established a time-varying power spectrum model that allows for the simulation of nonstationary ground motion. Many researchers have investigated the parameter selection and attenuating behavior of this model. However, the model is mainly applied to simulate single-point ground motion and has not been applied to spatially variable ground motion simulations.
By analyzing the evolutionary spectrum method for nonstationary stochastic processes, this paper proposes a nonstationary spatially variable ground motion simulation method based on the Kameda time-varying power spectrum model. This method can reflect the nonstationary time-frequency characteristics and fit the target response spectrum well under the conditions of the given spatial characteristics. Two numerical examples are presented to verify the capabilities of the proposed method. The first example focuses on simulating the time-frequency characteristics of the actual ground motion, whereas the second focuses on the response spectra of the design code.
Evolutionary Spectrum Method for Nonstationary Stochastic Processes
According to the Priestley nonstationary stochastic model, which is based on the evolutionary spectrum density [1] , a nonstationary stochastic process with an average value of zero can be expressed as
where F ( ) is an orthogonal complex stationary stochastic process and ( , ) is a modulating function that is subject to the conditions outlined by Priestley [1] . Assume one stationary process that satisfies
The evolutionary spectrum (or time-varying power spectrum) of ( ) can be expressed as
where ( ) is the power spectral density function of ( ). According to the spectral representation method recommended by Tsai and Hashash [3] , we assume the average values of the components 1 ( ), 2 ( ), . . . , ( ) in a nonstationary stochastic process to be equal to zero:
The cross-correlation matrix is given by
and the corresponding cross-spectral density matrix is
The elements of the cross-spectral density matrix are defined as
where ( ) is the stationary power spectral density function of ( ), ( = 1, . . . , ) and Γ ( ) is the complex coherence function between ( ) and ( ).
The cross-power spectral density matrix of the spatial stochastic process ( ) is Hermitian and positive definite. Therefore, it can be decomposed into the following product according to the Cholesky method:
where H( , ) is a lower triangular matrix and the superscript * denotes the transpose of a matrix. H( , ) is written as
Thus, the spatially stochastic process ( ) can be simulated as
where
Mathematical Problems in Engineering 3 where Im and Re denote the imaginary and real parts of a complex number, respectively, is a random phase that is distributed uniformly in the region of [0, 2 ], = Δ , = 1, 2, . . . , , Δ = / , is the upper cutoff frequency, and is the number of subsection points of the frequency. Based on the evolutionary power spectrum theory, the specific nonstationary time-frequency spatially variable ground motion can be simulated as long as the time-varying power spectrum function ( , ) and the cross-power spectrum function ( , ) are defined. Equation (3) shows that the time-varying power spectrum of the ground motion is represented by the product of a stationary autopower spectrum function ( ) and a modulating function ( , ). Thus, the study of the time-varying power spectrum can be converted into the study of the power spectrum and the modulating function. Several theories related to the stationary autopower spectrum function have been presented, such as the K-T spectrum (Kanai, 1957 [12] and Tajimi, 1960 [13] ) and the C-P spectrum (Clough and Penzien [14] ). Because the autopower spectrum function ( ) is not time dependent, the modulating function ( , ) (also called the nonuniformly modulated function) must be related to time and frequency to create a time-varying power spectrum function. However, the nonuniformly modulated function ( , ) is difficult to model in practice, so it is often simplified to the uniformly modulated function ( ), which is independent of the frequency, such as in the models of Shinozuka and Sato [15] and Amin and Ang [16] . The result of this simplification is that the power spectrum, defined in (3), will lose its timevarying characteristics and the simulated ground motion will no longer be nonstationary in the frequency domain.
Kameda Time-Varying Power
Spectrum Model Kameda [10] analyzed the distribution of the time-varying power spectra of actual ground motions using the multifiltering technique, proposed a modeling method for the power spectrum curve of each discrete frequency point, and established a uniform presentation for the power spectrum curve of each discrete frequency point. Hence, a time-varying power spectrum can be modeled by numerical fitting. This model can be represented as follows:
where (2 , ) is the time-varying power spectrum model of ground motion ( = /2 ), ( ) and ( ) are the starting time and duration parameters, respectively, and ( ) is the intensity parameter that represents the peak value of √ (2 , ) for time and frequency . These parameters are determined from recorded acceleration time histories. Figure 1 shows example of recorded and modeled evolutionary power spectra at an assumed frequency point . The blue line represents the time-varying power spectrum of the actual ground motion at , and the red line represents the identified time-varying power spectrum calculated using (12) . According to the modeling method, the values of ( ),
Figure 1: Recorded and simulated evolutionary power spectra [11] .
( ), and ( ) that correspond to all frequency points can be obtained if the time-varying power spectra at each frequency point are modeled. Thus, we can establish the fully time-varying modeled power spectrum that reflects the nonstationary characteristics of the actual ground motion.
Defining the parameters of the Kameda model by calculating the time-varying power spectrum of a given acceleration is important for simulating the nonstationary time-frequency characteristics of a given ground motion. Therefore, according to the classical evolutionary spectrum method, the first step is to model the time-varying power spectrum of the actual ground motion. When utilizing the Kameda model to model the time-varying power spectrum of the actual ground motion, it is important to obtain an accurate actual timevarying power spectrum and define the appropriate discrete frequency interval to generate accurate model parameters. The HHT method [17] , which is suitable for analyzing and processing nonstationary signals, is used to improve the accuracy of the estimated time-varying power spectrum of the ground motion. In defining the discrete frequency interval, a smaller frequency interval allows for a more precise fit. However, a small interval also increases the computational burden of the problem. According to Berrill and Hanks' [18] research on ground motion records, it is appropriate to set the low-frequency cutoff at 0.125 Hz; then, the interval of discrete frequency points is set to 0.125 Hz to guarantee that the interval satisfies the low-frequency cutoff frequency. The least-squares error method is typically applied to identify the parameters of the Kameda model. The specific procedures used to identify the parameters are as follows.
(1) Calculate the time-varying power spectrum of the known ground motion using the HHT method.
(2) Define ( ) by the peak value of the time-varying power spectrum of each discrete frequency point.
(3) Construct the objective function based on the leastsquares error, as in (13), and define the values of ( ) and ( ) for each discrete frequency point using the optimization method. Consider where is the number of discrete frequency points, (2 , ) is the actual time-varying power spectrum of each frequency point, and (2 , ) is the modeled time-varying power spectrum of each frequency point. The El Centro record is used to further explain the process of identifying the parameters of the Kameda time-varying power spectrum model. Figure 2(a) shows the acceleration of the El Centro record, and Figure 2 (b) shows its time-varying power spectrum calculated using the HHT method. Figure 3 shows how the identified parameters ( ), ( ), and ( ) of the Kameda model vary with frequency, and Figure 4 shows the modeled time-varying power spectrum calculated with the identified parameters and (12). A comparison of Figures 4 and 2(b) shows that the modeled time-varying power spectrum can reflect the main differences between the actual time-varying power spectrum and the simulated spectrum. To directly evaluate whether the identified parameters ( ), ( ), and ( ) of the Kameda model at each discrete frequency point match the actual time-varying power spectrum of the given ground motion, Figure 5 compares the actual power spectrum and the modeled spectrum at several typical frequency points. The modeled time-varying power spectrum accurately describes the distribution and peak characteristics of the actual time-varying power spectrum, which demonstrates the ability of the Kameda model to model the given time-varying power spectrum.
In the existing simulation methods, instead of utilizing the known ground motion as the initial sample, basic parameters, such as magnitude, epicentral distance, and site characteristics, can be used to simulate the ground motion. If the characteristics of the time-varying power spectrum must be considered, it is essential to establish the attenuation law of the Kameda model, which varies with these ground motion parameters. To apply the Kameda model to engineering practice, Sugito et al. [11] proposed a typical time-varying power spectrum attenuation law based on the statistical analysis of 118 Japanese ground motion records, as shown in (14) and (15):
Mathematical Problems in Engineering 
where is the mean value of ( ) at all discrete frequency points. The attenuation law shows that the model parameters vary with the magnitude and epicentral distance of the earthquake. Using this relationship, we can calculate different time-varying power spectra according to our needs. Figure 6 shows the calculated time-varying power spectra for the same magnitude earthquake at different epicentral distances, where = 2s. The power spectrum is time dependent, and its high-frequency component attenuates rapidly at long epicentral distances, which is consistent with the propagation law of ground motion.
The attenuation law shown in (14) and (15) was obtained from numerous statistical analyses of actual ground motion records. The coefficients in the equations rely on the set of ground motion records; they are not associated with the attenuation law of any other set of ground motion records. Thus, in engineering applications, it is essential to ensure the similarity of the ground motion of the site and the set of ground motions that will be statistically analyzed.
Generating a Fully Nonstationary Spectrum That Is Compatible with Spatially Variable Ground Motion
Sections 2 and 3 indicate that the new method can overcome the shortcomings of traditional simulation methods that result from the use of the simplified uniform modulation function regardless of whether the Kameda model is established based on a given ground motion or the statistical attenuation law. This paper proposes a simulation method based on the Kameda time-varying power spectrum and the evolutionary method to simulate fully nonstationary spatially variable ground motion. The core aspect of this method is replacing the traditional power spectrum model with the Kameda time-varying power spectrum model. This method can simulate ground motion with given nonstationary timefrequency characteristics. However, considering the spatial propagation characteristics of spatially variable ground motion and the engineering applications of simulated ground motion, two other aspects should be considered when using the Kameda model in addition to meeting the characteristics of the given time-varying power spectrum: fitting the target response spectra and the influence of the spatial characteristics. Therefore, the coherence function and response spectra-fitting technique should be included in the simulation scheme. Figure 7 shows a schematic of a nonstationary spatially variable ground motion simulation that is based on the Kameda time-varying power spectrum model and response spectra-fitting technique. The main computing steps are as follows.
(1) Input the initial data. The main tasks in this step are defining the initial nonstationary time-frequency characteristics of the ground motion, acquiring the target response spectra and confirming the spatial effect between each point.
Two methods are available for defining the initial nonstationary time-frequency characteristics of the ground motion based on the ground motion to be simulated. The first method is based on the nonstationary time-frequency characteristics of a known ground motion and requires an actual ground motion record. The parameters of the Kameda model that match the nonstationary time-frequency characteristics of the known ground motion can be obtained using the target function shown in (13) . The other method is based on the attenuation law of ground motion, which is useful when no actual ground motion is available. The initial nonstationary time-frequency characteristics rely on the attenuation law of the parameters of the Kameda model. These attenuation laws, such as the Sugito et al. model [11] , can be obtained using many statistical analysis techniques.
To obtain the target response spectra when the initial ground motion is available, the response spectra of the given ground motion can be set as the target response spectra. When no ground motion is available, the target response can be obtained from the seismic design code based on the site conditions and seismic fortification. Thus, the target response spectra are the design response spectra for the seismic fortification.
The spatial effect of the ground motion at each spatial point is demonstrated by the complex correlation function, which considers the coherent effect and wave-passage effect. The function is represented as follows:
where and are the coherency function and the distance between ( ) and ( ), respectively, and V is the apparent wave velocity of the ground motion.
(2) Simulate the spatially variable ground motion based on the Kameda time-varying power spectrum. Select the Kameda time-varying power spectrum as the initial timevarying power spectrum to be simulated, and then, simulate the spatially variable ground motion using the nonstationary multivariable evolutionary spectrum method described in Section 2. The specific approaches are shown in (6)- (7) and (10)- (11) .
(3) Fit the target response spectra; that is, correct the simulated ground motion to match the target response spectra. The iterative algorithm is used to fit the response spectra, in which the correction is mainly made in the frequency domain. The specific method is as follows.
For a given th point target response spectra RSA ( ), suppose that RSA ( ) ( ) is the response spectra of the th point of the simulated ground motion after the th computation and that ( , ) is the corresponding time-varying power spectrum. If the target response spectra of the th computation RSA ( ) ( ) cannot satisfy the required accuracy, the time-varying power spectrum of each point of the th iterative process should be corrected in the frequency domain according to
Then, recalculate the ground motion at each point using the same simulation method and repeat the procedure until the error between the response spectra of the simulated Computer cross-spectra density matrix. Refer to (6), (7).
Generate acceleration time histories: y j (t); j = 1, 2, · · · , n, refer to (10), (11) . ground motion and the target response spectra satisfies the required accuracy. At this point, the calculation ends.
Numerical Examples
To evaluate the ability of the proposed method to simulate nonstationary time-frequency spatially variable ground motions, two numerical examples are given in which the Kameda time-varying power spectra are obtained under two different conditions. In the first case, the parameters of the Kameda time-varying power spectrum model are identified from a given ground motion. The first example focuses on the capability of fitting a given response spectrum and its nonstationary time-frequency characteristics. In the other case, in which a ground motion is not available, the Kameda timevarying power spectrum is mainly derived from the attenuation laws of the parameters. The aim of the second example is to verify the ability of the nonstationary spatially variable ground motion to fit the response spectra of the design code. The configuration of 3 simulated site points is shown in Figure 8 , where the arrow indicates the direction of wave propagation. In the two numerical examples, we assume that all of the points have the same site conditions in which the apparent wave velocity V = 1000 m/s. The HarichandranVanmarcke model [19] is selected as the coherency function model of the spatially variable ground motion, as shown in
] (Figure 2(a) ) is selected as the given ground motion. The simulation must match the nonstationary time-frequency characteristics and satisfy the response spectra of the given ground motion. Figure 9 shows the simulated acceleration histories of each point as well as comparisons with the response spectra of the given ground motion and the time-varying power spectra based on the identified parameters of the Kameda time-varying power spectrum (Figure 3 ) and the iterative algorithm shown in Figure 7 . The simulated ground motions fit the given response spectra well, and the nonstationary time-frequency characteristics also agree with the given ground motion, which demonstrates the effectiveness of the proposed method.
Condition 2.
In the absence of an available ground motion, the Kameda time-varying power spectrum is obtained from the attenuation law. The simulation must satisfy the response spectra of the design code. Based on the attenuation law of the Kameda model suggested by Sugito, we can simulate the design response spectra of the Chinese seismic design code, which is shown in Figure 10 . Without loss of generality, the magnitude, epicentral distance, seismic intensity, and site classification are assumed as 7, 100 km, 8 degrees, and Class II, respectively.
Based on the given conditions, the Kameda time-varying power spectrum can be calculated from the attenuation law represented by (14) and (15) . We can obtain the simulated acceleration histories and response spectra (Figure 11 ) using the iterative algorithm shown in Figure 7 . The attenuation law derived from the statistical analysis of the Kameda model can be used to simulate nonstationary spatially variable ground motion. After the iterative corrections, the simulation fits the response spectra of the design code well and demonstrates nonstationary characteristics in both the time and the frequency domains.
The two examples presented above demonstrate that we can simulate the fully nonstationary spatially variable ground motion with given nonstationary time-frequency characteristics using the Kameda time-varying power spectrum and simulation method for spatially variable nonstationary stochastic processes. In addition, combined with the response spectrum fitting technique, the simulation can match a target response spectrum or the response spectra of the design code. This method has many potential applications in seismic design for large-span engineering.
Conclusions
Using the evolutionary spectrum method to simulate spatially variable ground motions, this paper analyzed the shortcomings of the simplified time-varying power spectrum model used in traditional methods, which have difficulties in simulating nonstationary characteristics in the frequency domain. By introducing the Kameda time-varying power spectrum model, this paper proposes a method for simulating fully nonstationary spatially variable ground motion based on the time-varying power spectrum model. To apply the Kameda time-varying power spectrum model to the traditional evolutionary spectrum method, two examples are analyzed in which the Kameda time-varying power spectra are obtained under different conditions. A nonstationary spatially variable ground motion simulation method is proposed to fit the target response spectra based on the requirements of engineering applications. The two numerical examples described above are based on cases in which a ground motion record is available or is not available. The analyses showed that the simulation based on a given ground motion can match the nonstationary timefrequency characteristics of the actual ground motion and the response spectrum. In the case where ground motion is not available, the simulation can be performed by fitting the response spectra of the design code and the Kameda timevarying power spectrum attenuation law, which is obtained through statistical analysis. The analyses of the nonstationary spatially variable ground motion simulations demonstrate the capability of the proposed method, which can be applied to analyze the dynamic seismic response of extended structures, such as long bridges, tunnels, and life-line systems.
